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ABSTRACT

The field of supramolecular chemistry has enabled organic chemists to construct molecules
of higher order complexity based on both covalent and noncovalent interactions. Receiving
inspiration from biochemical systems, supramolecular chemistry has also been termed
“chemistry beyond the molecule” because of its dominant use of interactions beyond the
covalent bond, such as H-bonding, crystal packing, π–π stacking, metal coordination,
halogen bonding, hydrophobic interactions, and the like[1]. Some examples of the chemical
structures that became possible to synthesize by employing supramolecular strategies are
macrocycles (e.g. cyclodextrins, crown ethers, calixarenes), mechanically interlocked
molecular architectures (e.g. rotaxanes), molecular cages (e.g. metal–organic polyhedral),
and so forth[2]. This thesis work was focused on the efficient synthesis of purely organic
D3h cage linked through hydrazone (R1R2C=NNH2) functionality. A novel cage was
constructed using dynamic covalent chemistry approach and hydrogen bond facilitated
self-assembly in 95% yield. The design of the building blocks for this dimeric hydrazonelinked cage was tailored to be water-compatible and allow interactions with biologically
significant guests, such as α-crocin, a carotenoid pigment found in saffron[3]. The binding
constant of the cage with crocin was determined to be (3.2 ± 0.2) x 102 M–1 at 298 K with
the 2:1 crocin: Dim-1 stoichiometry. The potential applications of this hydrazone-linked
cage for supramolecular catalysis, biosensor development and drug delivery are part of
current and future investigations. During the synthesis of the cage product, an interesting
stereochemical behavior of the cage vertex precursor, syn-3, was also investigated. This
compound existed as a mixture of atropoisomers in the solution but was amplified to a

x

single stereoisomer by crystal-packing driven solid-state enrichment method developed by
us[4]. The method of crystal-packing enrichment was extended to another complex mixture
of atropoisomers leading to successful amplification of a minor atropoisomer. Both parts
of this thesis work demonstrate how supramolecular interactions, ubiquitous in biological
systems, could be applied in organic synthesis for generation of three-dimensional cages
and analysis of the stereochemical behavior.

xi

CHAPTER 1: THE PRINCIPLES OF SUPRAMOLECULAR
CHEMISTRY, SELF-ASSEMBLY, AND DYNAMIC COVALENT
CHEMISTRY

“Chemistry is to biology what notation is to music.”
— Pierre Potier[5] (1934-2006)
This introductory chapter is dedicated to the discussion of concepts seen in biological
systems, such as self-assembly, and interplay of non-covalent interactions along with
equilibration processes allowing to reach a thermodynamic minimum when a vast number
of molecular structures is possible. My work has been inspired by these chemical principles
employed by nature to generate topologically sophisticated structures capable of selective
recognition, processive catalysis and stimuli-triggered transfer.
1.1 Chemistry beyond the molecule: the role of non-covalent interactions in selfassembly
The emergence of supramolecular chemistry as a synthetic discipline concerned with
higher-order assembly structures stabilized by non-covalent interactions — such as
hydrogen bonding (4–120 kJ/mol), ion-ion interactions (100–350 kJ/mol), π–π (8–12
kJ/mol), dipole-dipole interactions (5–50 kJ/mol), halogen bonding (10–150 kJ/mol),
hydrophobic and crystal packing interactions[2] — has contributed novel approaches to
achieve the more efficient synthesis of elaborate molecules. One of the strategies used by
1

supramolecular chemists is incorporation of non-covalent interactions as a driving force
for construction of complex three-dimensional architectures, such as molecular cages,
catenanes, rotaxanes, crown ethers, and so forth[1]. Despite the fact that these non-covalent
interactions are considerably weaker than covalent bonds (e.g. the bond energy of C-C is
335 kJ/mol, which exceeds any single noncovalent interaction)[6], their cumulative effects
often lead to significant stabilizations. One example of the use of non-covalent interactions,
specifically hydrogen bonding, in supramolecular chemistry is the synthesis of a dimeric
capsule by the Rebek group[7]. This supramolecular capsule contains two complementary
cavitands, imide derivative of resorcinarene, which undergo hydrogen bond facilitated selfassembly into the dimeric structure (Figure 1). The wise choice of synthetic building blocks
that contain the hydrogen donor nature of the imide nitrogen and hydrogen bond acceptor
property of carbonyl groups illustrate how stabilization of multiple non-covalent
interactions can yield complex structures otherwise difficult to form using conventional
sequential covalent chemistry (Figure 1) [7].

Figure 1. Hydrogen Bond Driven Assembly of Dimeric Capsule (reproduced with
permission from [7])
2

Another concept closely related to non-covalent interactions is self-assembly, the
spontaneous and reversible association of molecules or ions to form larger, more complex
supramolecular entities according to the intrinsic information contained in the molecules
themselves[2]. Majority of self-assembly is based on templating (i.e. information-based
assembly), which is a wide-spread approach seen in biochemical systems[2]. The unifying
feature underlying biological self-assembly processes is the ability to take advantage of
numerous weak noncovalent interactions between preformed subunits to guide the
formation and provide ultimate stability of the final structure. Why is self-assembly so
prevalent in nature? It is believed that self-assembly requires a minimal amount of
information to encode the structure due to its high convergence and generation of
structurally diverse assemblies from relatively simple precursors[8]. This use of identical
subunits allows stable and structurally diverse structures to be generated, thus providing
both molecular economy and diversity. For instance, the tobacco mosaic virus (TMV), a
helical virus containing a single strand of RNA, that is 6390 base pairs (bp) long, cannot
afford to encode all required subunits for its protein core in the single gene; this would
require a virus to enlarge its genome to 106 bp

[8]

. As a solution, this virus utilizes self-

assembly to create its complex protein core from 2130 identical subunits, making genetic
demand much smaller to around 500 bp[8]. Hence, self-assembly and its ability to yield
large ordered molecular and supramolecular arrays from simple precursors illustrates an
evolutionary advantage of molecular economy and diversity, making it an attractive
method not only for biochemical machinery but also for organic synthesis.

3

While TMV provides an example of a strict self-assembly where appropriate
building blocks produce the final product directly and spontaneously under favorable
conditions, self-assembly with covalent modifications is also widespread in biological
systems. Microtubules, cytoskeletal nanotubes involved in essential processes of cell
division, cell motility, and cell trafficking are an example of required covalent activation
by Guanosine-5'-triphosphate (GTP) to create a tubulin complex capable of self-assembly
(Figure 2).

Figure 2. “Head to tail” assembly of tubulin dimers (-αβ-αβ-) (reproduced with permission
from [9]).
This helical array of alternating protein subunits, α and β tubulin, offers a high stiffness
essential for elongation of mitotic spindled at the end of the anaphase, a high resilience for
allowing growth in different directions in search for binding partners, and structural
scaffolding for important organelles, such as cilia[10]. Another important feature of
microtubule chemistry is its inherent ‘dynamic instability’ characterized by rapid switch of
assembly (growth) and disassembly (shrinkage) phases on the time scale of seconds[9]. This
4

dynamic nature of bond formation and breakage is also seen in the method of dynamic
covalent chemistry employed in supramolecular chemistry, which will be addressed in the
next subchapter.
Other examples of self-assembly in biological systems include formation of DNA
double helix from two complementary nucleic acids strands, protein folding (chaperone
assisted folding would rather count as an example of facilitated self-assembly),
construction of ribosome from 40S and 60S subunits (in a eukaryotic cell), self-splicing
and self-cleaving processes involving ribonucleoprotein particles; generation of secondary
structures of nucleic acids, such as G-quadruplexes (requires Hoogsteen hydrogen bonding
and metal coordination); and this list goes on[8]. Looking at these numerous examples of
self-assembly, one may wonder if artificial systems could be synthesized using natureinspired methodology.
The conventional methods of sequential covalent bond formation have been
dominating the field of organic synthesis and have resulted in a well-defined and controlled
generation of relatively large and synthetically challenging molecules such as vitamin B12
synthesized by the collaborating research groups of Robert Woodward and Albert
Eschenmoser[11]. Nevertheless, construction of nanometer-scale assemblies using the
conventional organic synthesis methodology would require a significant manpower and
time to succeed. Self-assembly, in contrast, provides a more efficient way to afford stable,
structurally defined supramolecular assemblies. The recent collaborative work of James
Hedrick and co-workers serves as an example of the successful utilization of self-assembly
principles for producing effective macromolecular chemotherapeutic agents[12]. The
5

cationic polymers, synthesized by ring opening polymerization, which were further
assembled into well-defined nanoparticles, showed the capacity to target the outer leaflets
of cancer cell membranes, causing i) disruption, ii) lysis of the cells, and iii) prevention
of cancer cell migration[12]. This intelligent design of cationic polycarbonates precursors
demonstrates the benefit of using self-assembly step to generate macromolecular
compounds capable of acting as anticancer therapeutics.

Figure 3. Self-Assembly of macromolecular chemotherapeutic agents (reproduced with
permission from[12]).
Self-assembled structures of rotaxanes constructed by binding affinities of
cyclodextrins (CDs) (cyclic oligosaccharides consisting of six or more α-1,4-linked Dglucopyranose rings) with the track, poly(ethylene glycol) diamine, demonstrate another
example of synthetic advantage of self-assembly. Generation of rotaxanes, dumbbellshaped molecules encircled by a macrocycle (e.g. CD), linked mechanically rather than by
covalent bond has been achieved by the variation of self-assembly principle termed
6

“threading”, which takes advantage of noncovalent interactions between the macrocycle
and the track, that are “capped” by sterically blocking groups, such as 2,4dinitrofluorobenzene. Harada and co-workers[13] reported a 60% yield of a rotaxane
structure (MW of 25 kDa) using this approach (Figure 4). It is interesting to note that this
rotaxane was subsequently used as a template for the synthesis of tubular polymers that
resemble naturally occurring microtubules discussed earlier.

Figure 4. Polyrotaxane synthesis containing approximately 22 CD beads (reproduced with
permission from[8]).
Overall, supramolecular systems often self-assemble using a variety of interactions,
some of which are non-covalent and some of which possess a significant covalent
component, such as Dynamic Covalent Chemistry (DCC) and metal-ligand interactions
(discussed in subchapter 1.2). These interactions are part of the intrinsic information
contained within the molecular components that dictate self-assembly reactions as well as
the geometrical organization of the resulting chemical system. The synthetic strategies
7

aimed at manipulation of intrinsic molecular information can thus provide a platform for
the construction of higher-order complexity structures, such as molecular cages.
1.2 Strategies toward Molecular Cage Synthesis
Many examples of a high efficiency and control of chemical transformation can be
seen in nature, and the construction of molecular cages is not an exception to this trend.
Viral capsids or ferritin are cage-like structures formed in living systems by the selfassembly of protein monomers[14]. In quest of optimal tools that will allow formation of
molecular cages that are approaching the complexity of natural systems, organic chemists
try to employ the chemistry of reversible covalent bonds along with non-covalent
interactions. One of the popular approaches that takes advantage of the reversibility of
covalent bond formation and breakage became known as dynamic covalent chemistry
(DCC). This approach is characterized by chemical reactions that are inherently under
equilibrium conditions, and this feature allow researchers to integrate an “error checking”
mechanism into a chemical system[15]. This “proof-reading” is possible due to equilibration
processes that lead to the formation (Figure 5) of the most thermodynamically stable
products. As an example, Figure 5 shows that B is the thermodynamic product while C
represents the kinetic product with a lower transition state energy barrier of formation.
Most covalent chemistry is irreversible, thus kinetic control is possible; in contrast, most
supramolecular and dynamic covalent chemistry is reversible, which makes
thermodynamic factors a bigger contributor to reaction outcomes[16].

8

Figure 5. Free energy profile illustrating kinetic (A to C) versus thermodynamic (A to B)
control of the product distribution (reproduced with permission from[15]).
In general, supramolecular structures in solution are not very stable and challenging
to characterize or isolate, thus using DCC is especially appealing to supramolecular
chemists since it allows for the construction of molecular architectures with reversible
aspects at a more robust level[15]. With its intrinsic error checking the thermodynamically
unstable products ideally will be highly disfavored. Another attractive feature of the DCC
approach is that the proportions of the products can be controlled through introduction of
steric or electronic effects in the design of precursor building blocks that could lead to
stabilization of the targeted products. Modulation of external factors such as temperature,
concentration and pressure can also be used for perturbing the equilibrium to the desired
direction. These parameters are easier to manipulate compared to kinetic control where
alternative transition state structures have to be analyzed via advanced computational
calculations or synthetic screenings. Thus, thermodynamic control of DCC provides more
9

fine-tuning possibilities for the synthetic design of precursor molecules and a high yield
generation of thermodynamically stable supramolecular structures, such as molecular
cages.
Compared to supramolecular interactions, dynamic covalent reactions usually have
slower kinetics and require the assistance of catalysts to achieve rapid equilibrium, thus the
reversible reactions appropriate for DCC are still very limited[16]. Nonetheless, some examples
of common dynamic covalent functionalities that have been used for creating molecular
cages are boronate esters, disulfides, hydrazones, and imines[17]. Most of the precursor
molecules for cage construction possess certain symmetry characteristics to allow
construction of a desired cage cavity capable of binding and selective transport.For
example, a significant number of imine cages with unique macrocyclic tetrapodal shapes
have been synthesized by Andrew Cooper’s group[18], and were explored for gas storage
(N2, CO2) applications[19].
Alternative approaches widely used for the synthesis of molecular cages involve
metal-ligand interactions: connections of metal complexes or metal ions through polytopic
ligands[20]. Unlike most weak noncovalent interactions, coordinative bonds open up more
diversity in terms of bond strengths and geometries due to the variety of potential metal
ions, ligands, and coordination geometries that can be employed in the self-assembly. For
example, Fujita’ s group has been utilizing metal-ligand interactions for construction of
octahedral cages[21]. The synthesis of these quantitatively self-assembled octahedral cages
involves coordination of tridentate, triangular 1,3,5-tris(4-pyridyl)triazine ligands with
Pd(II) ions (corners of the octahedron) in 6:4 ratio (Figure 6).
10

Figure 6. Functional molecular cage self-assembled based on metal-ligand interactions
(reproduced with permission from[20]).
It is also worth mentioning that counterions can impart new properties on such metalorganic polyhedra; for instance, in Fujita’s cage, nitrate counterions were chosen to render
the cage highly water soluble, despite the presence of multiple hydrophobic aryl groups.
This illustrates the importance of the local solvation environment and intelligent design of
building blocks for the assembly of molecular cages. These characteristics can be satisfied
by combining several synthetic approaches, e.g. DCC with metal-ligand coordination or
supramolecular interactions such as hydrogen bonding, charge-charge interactions, and van
der Waals forces.
1.3 Hydrazone-Based Molecular Cages
Even though metal-coordination cages can be generated in high yields, the usage of
metal linkages encompasses two significant disadvantages[22]: i) high toxicity for biological
11

systems (e.g. with ruthenium based cages) and ii) relatively high costs in the case of
systems containing Pd or Pt. Purely organic cages, on the other hand, have a better potential
to be biocompatible and more appropriate for host-guest interactions with biomolecules.
These considerations led to an alternative approach described in this thesis, which
combines DCC with hydrogen bonding interactions for the synthesis of hydrazone-based
cages. It is also important to examine the benefits behind incorporation of hydrazone
functionality in the cage compound.
Having a hydrazone linkage in the design of the building blocks for our cage was
chosen for two main reasons: i) high hydrolytic stability which allows exploring binding
properties and reactivities of the molecular cage in water ii) the presence of H-bond donor
and acceptor groups that facilitate the self-assembly of the cage by stabilizing its structure.
The construction of aromatic acylhydrazone-based molecular cages is particularly
desirable due to high hydrolytic stability compared to imines. This can be explained (Figure
7) both by greater electron delocalization: the contribution of resonance form II in
alkylhydrazones and oximes, and resonance form IV in acylhydrazones increases the
negative-charge density on carbon attached to R1, therefore reducing its electrophilicity
and imparting greater hydrolytic stability to hydrazones[23].

12

Figure 7. The key resonance structures of hydrazone derivatives (reproduced with
permission from[23]).
The hydrogen-bonding ability of hydrazones makes it difficult, however, to
synthesize porous cages with such linkages and large openings, since hydrogen bonddriven intercatenation readily takes place[24]. This results in the formation of catenated
species unsuitable for any binding studies or carrier function due to the restricted size of
their cavities. Not surprisingly, only a limited number of hydrazone-linked molecular
cages have been reported: recent work by Hao Li’s group accomplished the synthesis of a
hydrazone cage in water at elevated temperature[22]. The assembly of this cage is
entropically driven, making generated cage products favored via DCC at elevated
temperatures, followed by kinetic trapping at lower temperatures[22]. The main
disadvantage of this system, however, is limited stability of the cage for extended periods
of time at room temperature. Another hydrazone cage with C2d symmetry was constructed
by Warmuth and coworkers[25]; however, these synthesized cavitands were not soluble in
water, making it unsuitable for biological application.

13

In addition to these favorable chemical factors for cage design, hydrazone linkages
often possess favorable biological and pharmacological characteristics, including
antimicrobial, anti-inflammatory, analgesic, antifungal, anti-tubercular, antiviral,
anticancer, antiplatelet, antimalarial, anticonvulsant, and cardio protective properties[26].
Hydrazone chemistry is also involved in a lot of bioconjugation reactions that have become
an indispensable tool for studying and manipulating biomolecules in vitro and in vivo[27].
This illustrates that incorporation of hydrazone linkages into the cage design might lead to
novel applications in biological probe design and drug development.

14

CHAPTER

2:

MOLECULAR

CAGE

SYNTHESIS,

BINDING

STUDIES, AND FUTURE DIRECTIONS

2.1 Synthetic considerations for hydrazone-based cage design
Method of self-assembly relies extensively on a match between the geometrical and
stereochemical preferences of the building components, and thermodynamic stability of
the final structure[28]. In general, the angular disposition of connection sites of building
blocks determines the topology, whereas the size of building blocks determines the
physical dimension of the assembly product[16]. In addition, the identity and position of the
functional groups present in the building blocks significantly impact solubility, stability,
and functionality of the synthesized structure[29]. Thus, both geometrical and
stereochemical factors were taken into account for synthesizing the acylhydrazone-linked
cage product, Dim-1 (Figure 8) with the following desirable properties: i) high percent
yield ii) potential for biological applications iii) solubility in a wide range of solvents iv)
accessible functionalization v) a big cavity with selective microenvironment vi) stability
over a long period of time. The cage product was constructed using dynamic covalent
chemistry approach and hydrogen bond facilitated self-assembly resulting in 95% yield.
Theoretical reasons such as entropy of symmetry[30] and intramolecular H-bonding were
also analyzed as part of the driving force for cage formation.

15

Figure 8. Molecular model (minimized with the OPLS3 force field)[31] of the hydrazonelinked cage, Dim-1. Color scheme: C = gray, H = white, N = blue, O = red. Dotted violet
lines show the distances associated with the cage cavity: 12.83 Å and 15.43 Å. The image
was created with PyMOL.
High Percent Yield
The synthesized hydrazone based molecular cage, Dim-1 (Scheme 1), was designed
to contain all the features mentioned above, and high percent yield is one of these desirable
properties. Employment of self-assembly and DCC allowed us to obtain the
thermodynamically most stable structure in 95% yield. This relatively high yield is an
indicator of the thermodynamic stability: if the self-assembled product is truly stable it
should be produced in high yields at the end of the self-assembly process[2]. In general,
16

dimeric species are entropically and enthalpically favored since they consist of fewer
monomer units connected with minimum angle strain. Another interesting contributor to
the stability of the favored cage product could be entropy of symmetry [30, 32].
Table 1. Entropy of symmetry values as a function of symmetry number, sigma
(reproduced with permission from[32]).

As illustrated in Table 1, the point group with higher symmetry operations contains
higher entropy of symmetry, thus making it more thermodynamically favorable keeping all
other factors constant[30]. The cage synthesized for this thesis work belongs to D3h point
group. Symmetry number (σ) associated with this point group is 6, which comes from
considering the number of proper symmetry operations, such as rotations. Under
equilibrium conditions the entropy of symmetry (~4.46 kJ/mol; Table 1) associated with
Dim-1 should facilitate a high excess of the cage product over low symmetry counterparts,
such as oligomers or catenated species. Indeed, a high yield of cage and absence of
detectable amounts of oligomeric by-products were observed during kinetic studies under
the conditions employed (Figure 9).
17

Another significant thermodynamic contributor to the favorability of this dimeric
hydrazone cage is the presence of intramolecular [NH···OH] hydrogen bonds, which direct
the growth of the cage upon hydrazone formation. In general, hydrogen bonding is a
powerful templating factor; while an individual hydrogen bond may constitute a relatively
weak interaction, arrays of hydrogen bonds arranged in a complementary fashion can
stabilize large aggregates[2]. The presence of multiple hydrogen bond acceptors (pyrimidine
nitrogens, acylhydrazone moieties as well as methoxyl and hydroxyl groups) and donor
groups (hydroxyl group and acylhydrazone moiety) in the cage design also contribute to
creation of a selective microenvironment for binding studies discussed in the next section.
The formation of the cage was examined by conducting kinetic studies via 1HNMR, and indeed after 20 minutes upon addition of TFA, the desired product was the
predominant chemical species (Figure 9).
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Figure 9. 1H-NMR (500 MHz, DMSO-d6, 298 K) of relevant region for monitoring the
progression of the reaction for 8 days. Initial spectrum (a) corresponds to the reaction
mixture containing L-3, syn-5, and an internal standard 1,2,4,5-tetrabromobenzene before
addition of acid catalysts. Second spectrum (b) was taken right after the addition of TFA.
Third and fourth spectra (c and d respectively) correspond to 1 hour after the addition of
TFA and quenching of the reaction with NaOD (e). NMR peaks of initial spectrum (a): 1
(OH of syn-5); 2 (NH of L-3); 3 (CHO of syn-5); 4 (pyrimidine H of L-3); 5 (pyrimidine
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H of L-3); 6 (standard); 7 (PhH of syn-5); 8 (PhH of syn-5); 9 (residual DCM). NMR of
final spectrum (e): 1’ (pyrimidine H of Dim-1); 2’ (CH=N of Dim-1); 3’ (pyrimidine H of
Dim-1); 4’ (standard); 5’ (PhH of Dim-1); 6’ (PhH of Dim-1); 7’ (residual DCM); OH and
N-NH peaks of Dim-1 were not present due to H-bonding participation.
It is also important to note that the self-assembly for Dim-1 formation was carried
out in dimethyl sulfoxide, which is known to disrupt hydrogen bonding due to its hydrogen
bond acceptor nature. This suggests that intramolecular hydrogen bonding templating
effect in the cage formation is significant enough to overcome nonproductive interactions
with DMSO. Further investigations for possible stabilization of DMSO during the cage
assembly have to be done. Unfortunately, starting material for the cage coupling L-3
(Scheme 1) is not soluble in other common aprotic solvents.
Potential for Biological Applications and Solubility in a Wide Range of Solvents
In order to have any biologically relevant applications, the synthesized systems
have to possess minimum toxicity and water-solubility[33]. For this molecular cage design,
the approach of incorporating systems already prevalent in the biological systems into the
artificial ones was taken. The linker molecules connecting the vertices of the cage consisted
of pyrimidine rings, which are present in nucleic acid structure[2]. Incorporation of these
heterocyclic aromatic functionalities allows the hydrogen bond interactions between
nitrogens of the ring and guest molecule within the hydrophobic cavity.
Moreover, the deprotonation of hydroxyl groups under slightly basic conditions
allows the cage to be soluble in aqueous environments. Enhanced resonance stabilization
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of phenoxide anion in the cage allows for rapid deprotonation, resulting in a hydrophilic
backbone and a hydrophobic cavity – again a common theme seen in nucleic acid
chemistry. This ambivalent nature of functional groups allows the cage to be soluble in a
variety of organic solvents, such as chloroform, methylene chloride, dimethyl sulfoxide,
and water. The relative toxicity still has to be examined but the absence of metal
coordination such as palladium or ruthenium in the cage construction makes it more
suitable for biological applications[33].
Accessible Functionalization and a Big Cavity with Selective Microenvironment
The tunability of the cage design can be achieved by functionalizing hydroxyl
groups of the corner piece molecule. This allows to modulate the microenvironment of the
cage by introducing new noncovalent interactions. The presence of a big cavity, with 15.43
Å diameter (Figure 8) would in theory allow binding of polymeric hosts with large sidechains and relatively big biomolecules. The optimization of the shape and cavity size was
achieved with hindered rotation around three Ph-Ph sigma bonds as well as with
intramolecular hydrogen bonds [NH···OH]. The combination of a big cavity, with tunable
microenvironment that can afford both selectivity of binding interactions and diversity of
molecular hosts.
Stability over a Long Period of Time
The presence of aromatic acylhydrazone linkages provide several notable
advantages over related imine-linked assemblies: (i) Hydrazone bonds generally display
enhanced hydrolytic stability[23], which renders them excellent candidates for work in
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aqueous solutions. Furthermore, the extra NH group available in most hydrazones
represents a first-rate hydrogen bond donor, which can (ii) direct the assembly of
hydrazone-linked polyhedra as well as (iii) assist in binding guests to hydrazone-linked
cages. Thus, incorporation of acylhydrazone linkages provides not only a high stability
seen in the stability of the cage over weeks un a basic environment but also directing effects
for self-assembly.
Synthesis
The synthesis of the vertex precursor of the cage, syn-3, started with a trifold
formylation of syn-2, which was created on a large scale with a solid-state-driven
amplification of the syn atropoisomer as reported in the next chapter (Scheme 1 and 3).
The methoxyl groups ortho to the aldehyde functionalities of the resulting syn-4 were then
removed selectively with BCl3 to afford the tris-phenol syn-5 that served as a vertex for
cage assembly (Scheme 1). The linkers were synthesized using commercially available 4,
6-pyrimidinedicarboxylic acid (L-1), which underwent esterification followed by
hydrazinolysis of the resulting methyl esters (Scheme 1, 6 and 7). All the reactions pro
ceeded in relatively good yields (74.6% – 98.8%) with minimum purification steps
employed (see Materials and Methods chapter).
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Scheme 1. An overview of cage, Dim-1, synthesis.

2.2 The hydrazone based cage as a selective host for biomolecules
From the times Daniel Koshland introduced the induced fit model, the concepts of
cooperativity, preorganization, and complementarity were explored by supramolecular
chemists for designing selective and effective host-guest interactions[2]. It is worth defining
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these terms since they play a significant role in the binding interactions between the
synthesized cage, Dim-1, and crocin (Figure 9) — a carotenoid chemical compound
responsible for the color of saffron. The phenomenon of positive cooperativity during
binding studies was observed: binding sites on the cage cooperate resulting in the
interaction of the whole system to be synergistically greater than the sum of the parts that
bind to a guest[34]. This is graphically reflected in a sigmoidal binding curve (Figure 41).

Figure 10. Molecular structure of biomolecule crocin used for binding studies with the
cage Dim-1[35].
A successful binding event also should possess the feature of preorganization: the
organization of the binding sites in space prior to guest binding[34]. Entropically, the less
conformationally flexible design would lead to fewer loss of degrees of freedom upon
complexation. Since the overall free energy of complexation represents the difference
between the unfavorable reorganization energy and the favorable binding energy, if the
reorganization energy is large, then the overall free energy is reduced, destabilizing the
complex[2]. If the host is preorganized, this rearrangement energy is small that is why
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construction of the cages with optimized shapes and rigid framework, such as Dim-1, is
desirable for selective binding.
Last but not least, complementarity is another factor that dictates success of binding:
in order to bind a guest, host molecule must have binding sites that are of the correct
electronic character (polarity, hydrogen bond donor/acceptor ability, hardness or softness)
to complement those of the guest[34]. All the combined effects of preorganization and
complementarity are crucial for selective binding and were observed in the binding studies.
For measurement of association constants and analysis of binding interactions,
information about the concentration of the complex host–guest, [HG], as a function of
changing concentration of the host or guest is needed[34]. There are several techniques
employed to obtain these measurements, such as UV-Vis spectroscopy, ICT (isothermal
calorimetric titration), NMR, and so forth[2]. The method of 1H-NMR titration was chosen
since it allows to gain two types of information: i) the location of nuclei most affected by
binding event, which in turn can provide qualitative information about the regioselectivity
of guest binding; ii) the shape of the titration curve (a plot of difference in chemical shift
versus added guest concentration) gives quantitative information about the binding
constant[34]. For NMR titrations, the useful range of binding constant is 10–104 M–1[2].
Computer programs, such as Dynafit with least-squares curve fitting option can be used to
analyze experimental data and obtain the binding curve. It is important to note that the
method of continuous variation that plots an isotherm of complex concentration against
host fraction (H/H+G) was shown to unreliable[36] for determination of binding order of
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host-guest complex (i.e. 1:1 versus 2:1), thus for this study the approach of alternative
fitting was taken instead to determine the stoichiometry of the binding event.
Binding studies for this thesis work were focused on investigating the binding
capacity of the synthesized hydrazone cage with biomolecules. The crocin molecule was
chosen due to its pharmacological importance as a potential cancer drug[3], and presence of
complementary functional groups (Figure 9), such as hydrophobic core containing
conjugated double bond system that can thread through the hydrophobic cage cavity and
hydrophilic sugars that can interact with hydroxyl groups and participate in hydrogen
bonding with adjacent acylhydrazone moiety. The possibility of π-π interactions between
terpenoid functionality and aromatic system of the cage was considered as well. The
binding studies via 1H-NMR titration revealed a sigmoidal binding curve, which likely
arises from some positive cooperative nature of binding event (Figures 11–14). The binding
constant was estimated to be (3.2 ± 0.2) x 102 M–1 at 298 K with a 1:2 (Dim-1:Crocin)
stoichiometry (Figure 13). The binding studies were conducted in D2O in the presence of
NaOD (0.56% v/v) and dimethyl sulfone as a NMR standard. It is important to note that a
high ionic strength of aqueous environment makes the binding event difficult to occur due
to high solvation and coordination[2], thus values of binding constants determined in water
appear to be smaller compared to binding studies conducted in organic solvents.
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Figure 11. 1H NMR (500 MHz, D2O, 298 K) Spectra of Binding Studies for the Cage
Compound (Dim-1) and carotenoid biomolecule, crocin. The spectra were adjusted to
3.0 ppm of dimethyl sulfone.
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Figure 12. 1H NMR Spectra (500 MHz, D2O, 298 K) of Binding Studies for the Cage
Compound (Dim-1) and carotenoid biomolecule, crocin. The spectra were adjusted to
3.0 ppm of dimethyl sulfone. The region of pyrimidine and hydrazone hydrogens (CH=N)
is enlarged to show relative chemical shifts upon titration of crocin. The cooperative nature
of binding is also seen in downfield shift of hydrazone hydrogens and upfield shift of
pyrimidine hydrogens.
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Figure 13. 1H NMR (500 MHz, D2O, 298 K) Spectra of Binding Studies for the Cage
Compound (Dim-1) and carotenoid biomolecule, crocin. The spectra were adjusted to
3.0 ppm of dimethyl sulfone. This significant shift of PhH of Dim-1 compared to other
hydrogens suggests the importance of hydrophobic interactions taking place inside the cage
cavity, where the conjugated system of crocin molecule might embed itself.
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Figure 14. Plot of the observed 1H-NMR chemical shifts of the cage compound, Dim-1,
upon increasing the concentration of crocin. Solid lines represent nonlinear least-squares
fits to the data with an association constant of K =(3.2 ± 0.2) x 102 M–1.

It was also observed that dimethyl sulfone existed in equilibrium with a small amount
of deprotonated species, which was not expected initially; however, due to the presence of
the aqueous environment, the additional stabilization of the sulfone anion was possible.
The binding data obtained is therefore preliminary and further optimization of the standard
used and a bigger number of data points have to be incorporated for fitting.
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2.2 Future directions
This work has illustrated the synthetic strategy to generate a high-yield hydrazonebased D3h molecular cage via DCC and self-assembly (Scheme 7). Current work is focused
on acquiring a single crystal X-ray structure for Dim-1 by screening more conditions, such
as pH and solvent content.
The solubility of the cage in water offers a potential for many applications, such as a
chemical sensor for biomolecules, pH triggered transport vehicles, and/or supramolecular
catalysis[37]. The biosensor application of Dim-1 can be developed by conducting more
advanced binding studies under different pH conditions to find optimal conditions for
binding. Other potential guest molecules, such as biologically active polyamines, have to
be explored.
The application of pH triggered transport vehicles is connected to binding
investigations, yet the question that would be interesting to address is whether pH triggered
deprotonation leads to significant conformational changes that can control the release and
uptake of the biomolecule. Conformational changes occurring in Dim-1 upon change of
pH condition could lead to pH triggered release and uptake of a suitable biomolecule[33],
thus further computational studies are needed to examine this molecular behavior. This
feature along with new microenvironment-related properties induced by cage inclusion
could lead to drug delivery studies.
Finally, biological mimics and supramolecular catalysis could be explored as well[3738]

. Biological systems, particularly enzymes, show a number of characteristic features that
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are attractive for recreating synthetically in a model system. Some of these properties are[38]
inducing fast reaction rates under mild conditions, showing a high degree of structural and
chiral recognition of their substrates, catalyzing the reaction of a big number of substrate
molecules without being destroyed itself and stabilizing transition state by affording
hydrogen bonding and/or electrostatic binding sites that are complementary to those of the
substrate. In addition to these features, it is desirable that enzyme mimics exhibit some
properties not shared by biological enzymes, such as MW less than about 2000–3000 Da
(minimizing steric repulsion interactions), stability to handling even at high temperatures,
solubility in a range of solvents including water, presence of well-defined, rigid shape and
appropriate catalytic groups[2]. The synthesized hydrazone cage, Dim-1, already possess
some of the features that could mimic the activity of enzymes, such as serine proteases:
juxtaposition of hydroxyl groups, which may take an active part in catalysis, and a
hydrophobic cavity for guest-binding[2]. The similarity of the synthesized cage, Dim-1,
with the enzyme mimics of cyclodextrins has to be noted. Cyclodextrins chemistry centers
around anionic form where OH group is deprotonated, which gives the cyclodextrin a
reactive, nucleophilic functional group in close proximity to a hydrophobic cavity[39]. This
molecular cage, however, has a bigger hydrophobic cavity, and a wider diversity of
noncovalent interactions present, which might bring attractive features of enzyme mimics
to a new level.
Overall, this work attempted to illustrate how principles employed in biological
systems such as self-assembly, equilibration of the most thermodynamically favorable
structure, and directing nature of noncovalent interactions could be used to generate a
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purely organic, three-dimensional molecular cage, Dim-1, capable of binding crocin. This
cage also possesses attractive molecular properties, which can be explored for further
applications. A constant flux of ideas explored in the fields of chemistry and biology could
lead to productive overlap of research projects and mutual benefits[14]. The synthesis of
artificial systems that start to approach the complexity of biochemical molecular machines
could provide mechanistic insights behind biological phenomena, thus coming full circle,
advancing our understanding of chemsitry of life, which initially inspired its conception[37].
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CHAPTER 3: CRYSTAL-PACKING-DRIVEN ENRICHMENT OF
ATROPOISOMERS.

During the synthesis of the cage product, Dim-1, an interesting stereochemical
behavior of the cage vertex precursor, syn-3, was also investigated. This chapter is focused
on the general introduction to atropoisomers, the significance of the enrichment methods,
and the novelty of the crystal-packing-driven approach developed for favoring the most
stable supramolecular structure from a complex mixture of stereoisomers. The majority of
the content for this chapter comes from the published work accomplished as part of this
thesis[4].
3.1 Atropoisomers
Atropoisomers (from Greek atropos, meaning “not turning”) represent a general
class of stereoisomers that exhibit a significant conformational restriction due to a high
barrier of bond rotation[40]. The specific criteria that distinguish this class of stereoisomers
from rotamers is the ability to be resolved at room temperature for ≥1000 seconds,
corresponding to an energy barrier of 23.3 kcal.mol-1[41]. This hindered bond rotation is
usually observed with ortho-substituted aryl systems (Figure 10). It is important to note
that the configuration of atropoisomers is governed primarily by their thermodynamic
environment, which can be fine-tuned to gain selectivity of the desired product[4].
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Figure 15. The Atropoisomerism exbited by restricted rotation about a biaryl bond, giving
rise to minus (M) and plus (P) atropoisomers (reproduced with permission from[41]).
The biological significance of this class of stereoisomers is seen in drug design,
where differential physiological environments within biological systems may significantly
affect the behavior of pharmaceuticals and their potency[40]. One of the examples of
bioactive atropoisomerism, is vancomycin – the well-known glycopeptide antibiotic, with
the clinical formulation of exclusively P isomer[40]. As seen from these examples of
biological stereoselectivity of atropoisomeric natural products, understanding the behavior
of atropoisomers and their selectivity in a solid-state versus solution can provide valuable
insights in drug design.
3.2 Previous work of solid-state amplification of atropoisomers
Solid-state reactions offer a powerful alternative to solution-phase transformations
with often unique selectivity patterns[42]. These distinct selectivities arise for different
reasons, depending on whether a solid-state reaction is under kinetic or thermodynamic
control. Under kinetic control, the product distributions are governed primarily by the
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relative orientations of the reactive functional groups in the solid starting materials and
transition states[43]. A well-known example in this regard are [2+2]-photocycloadditions,
which often proceed with very high regio- and stereochemical control in the solid state[44].
On the other hand, for solid-state reactions under thermodynamic control, a fundamentally
different, less studied mode of reaction control starts to rule. It operates by selectively
producing the most stable solid state supramolecular structure as the major product[45]. The
magnitude of such effects has been limited to the solid-state amplification of specific
compounds already present in at least 50 mole% at equilibrium in solution[45]. Furthermore,
previous studies investigating selective solid-state reactions under thermodynamic control
have been focused (Scheme 1) on atropoisomers with only one[45-46] (Scheme 1 a) or two[47]
(Scheme 1 b) rotationally hindered s bonds (highlighted in red in Scheme 1). In one of the
first such studies (Scheme 1 a), Pincock and Wilson resolved[45] racemic, polycrystalline
biphenyl into one of its atropoenantiomers via solid-state heating. This finding has
stimulated the field of spontaneous absolute asymmetric synthesis significantly. More
recently, this discovery has also been extended[47] to the solid-state diastereoselection of
pairs of atropodiastereoisomers (Scheme 1b). These pioneering prior reports thus
demonstrated that crystal packing forces can indeed shift solution phase equilibria to more
strongly favor an already preferred (+ 50 mole%) solution-phase stereoisomer in the solid
state.
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Scheme 2. Amplifying specific atropoisomers selectively with crystal packing forces.
Rotationally hindered sigma bonds are highlighted in red and proportions of the major
stereoisomers are in bold. [a] Equilibrium molar ratio in solution. [b] Molar ratio after
heating solid sample. [c] Heating racemic 1 to 150 °C for 8h in total. [d] 111 °C for 2 h in
toluene. [e] 180 °C for 48 h. [f] 160 °C for 48 h in diglyme. [g] 160 °C for 48 h. [h] 160
°C for 72 h in diglyme. [i]160 °C for 45 days.
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3.3 Novel Crystal-Packing Driven Amplification of Atropoisomers
As part of the synthesis of hydrazone-based cages, it was discovered (Scheme 1 c, d)
that the influence of crystal packing forces can be enhanced further to i) amplify minor (<
25 mole %) solution-phase atropoisomers and ii) select a single stereoisomer from complex
mixtures of many atropoisomers with multiple rotationally hindered sigma bonds. Notably,
Scheme 1d shows that one specific stereoisomer (4a) out of seven (4a, 4b, (+/–)- 4c, 4d,
(+/–)-4e) can be amplified selectively in the solid-state due to favorable crystal packing
interactions such as [methyl⋅⋅⋅π] coordination and [C-H⋅⋅⋅O] hydrogen bonding.
These investigations started with three consecutive Suzuki coupling reactions
(Scheme 2a) between 2,4,6-triiodomesitylene[48] (5) and three equivalents of commercially
available 2,4-dimethoxybenzeneboronic acid (6). The presence of a methoxyl group ortho
to the boronic acid functionality in 6 facilitated rate limiting oxidative addition step of the
Pd-catalyzed cross-coupling[49]. As a result, all three cross-coupling steps (carried out in
one pot) proceeded with good yields, and a mixture of the atropodiastereoisomers syn-3
(25 mole%) and anti-3 (75 mole %) was isolated in 85 % overall yield. Owing to their large
(> 23 kcal mol-1) barriers to rotation around the three Ph–Ph sigma bonds, both the syn and
anti-configurations of 3 are stable for months at room temperature. Nevertheless, the two
atropoisomers[50] start to interconvert rapidly when heated above 150 °C. Therefore, to
establish the relative thermodynamic stabilities of syn-and anti-3 in solution, the mixtures
of the two compounds were heated in diglyme to 160 °C under an argon atmosphere. The
composition of the resulting reaction mixtures was followed by 1H-NMR spectroscopy
until equilibrium was reached (i.e. no further changes were observed). Integration of the
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relevant aromatic 1H-NMR resonances (Figure 11a) between 7.2 and 7.0 ppm showed that
anti-3 (77 mole %) is significantly favored over syn-3 (23 mole%) at equilibrium in
solution. This could be explained by a greater stability of anti-3 molecule experiencing
fewer steric interactions of methoxyl groups.

Scheme 3. Synthesis of atropoisomeric mixtures of a) syn-and anti-3 as well as b) 4a–e
with multiple, rotationally hindered sigma bonds.
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Figure 16. Partial 1H-NMR spectra (500 MHz, CDCl3,298 K) of a) an equilibrium mixture
of syn-(23 mole %) and anti-3 (77 mole %)—equilibrated for 48 h at 160 °C in diglyme,
b) a mixture of syn-and anti-3 (initial syn to anti molar ratio = 1:3), which became enriched
in syn-3(ca. 58 mole %) after being heated as a polycrystalline solid to 160 °C for 6h, c)
further solid-state heating of the syn-and anti-3 mixture from (b) to 160 °C for a total of
48 h. At this point, the mixture is composed almost exclusively (> 96 mole%) of syn-3,
based on integration of the corresponding 1H-NMR resonances between 7.2 and 7.0 ppm.
In an effort to reduce the use of high-boiling, toxic organic solvents such as
diglyme, polycrystalline mixtures of syn-and anti-3 was heated neat. Surprisingly, almost
all the solid was converted (Figures 11 b,c) into syn-3, a minor solution-phase
atropoisomer, upon heating to 160 °C for 48 h. The hypothesized driving force of this
amplification was favorable crystal packing stabilized by supramolecular interactions. To
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check the reliability of this selective solid-state heating strategy, a more complex mixture
of the atropodiastereoisomers and atropoenantiomers 4a–e was synthesized.
Following a similar synthetic strategy as for the synthesis of syn- and anti-3,
2,3,5,6-tetraiodo-p-xylene (7) was subjected (Scheme 2b) to four Suzuki couplings with
excess 2,4-dimethoxybenzeneboronicacid (6) in one pot. This Suzuki coupling strategy led
to a difficult-to-separate mixture of the atropodiastereoisomers 4a–e in 75 % overall yield.
While there are (Figure 12) five distinct atropodiasteroisomers of 4, two of these
compounds, (+/-)-4c and (+/-)-4e, are chiral. Thus, the as-synthesized mixture of 4a–e
contained no fewer than seven stereoisomers in total. The complicated 1H-NMR spectrum
obtained for the mixture of 4a–e also did not clear up significantly when equilibrating
(Figure 12a) its components for 72 hours in diglyme at 160 °C. Nevertheless, as soon as
we started to heat the mixture in the solid-state to 160 °C, the intensities of the proton
resonances corresponding to the atropodiastereoisomer 4a started (Figure 2b) to increase
relative to those of other 1H NMR signals (NB: relative orientations of the methoxyl
substituents in 4a were assigned based on a single-crystal X-ray structure (Figure 3b) of
the compound). Eventually, continued heating at 160 °C for 45 days in the solid-state gave
(Figure 12c) almost pure 4a. Thus, a general strategy towards selective amplification of a
minor atropodiastereoisomer (4a), which was present at equilibrium in solution in only 22
mole % was shown to be successful. This time around, however, the solid-state selection
process had the means to control the orientations of multiple, rotationally hindered s bonds,
by stabilizing one out of seven stereoisomers selectively.
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Figure 17. Partial 1H-NMR spectra (500 MHz, CDCl3,298 K) of a) an equilibrium mixture
of 4a (22 mole %) and all of its atropodiastereoisomers 4b–e (78 mole % combined)—
equilibrated for 72 h at 160 °C in diglyme, b)a mixture of 4a–e (initial mole-fraction of 4a
= 25 %) which became enriched in 4a (ca. 59 mole%) after being heated as a polycrystalline
solid to 160 °C for 14 days, c) further solid-state heating of the 4a–e mixture from (b) to
160 °C for a total of 45 days. At this point, the mixture is composed almost exclusively (>
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90 mole %) of 4a, based on integration of the corresponding 1H-NMR resonances between
7.1 and 6.7 ppm.
To gain a better understanding of the supramolecular forces which selectively
stabilize syn-3 and 4a in the solid-state, the single crystals of both compounds were grown.
Analysis of the single-crystal diffraction data showed that both syn-3 and 4a pack very
efficiently (Figure 13) into columnar assemblies, even without any solvent molecules
present in the crystals. Furthermore, the solid-state supramolecular structures show several
close [methyl···p] and [CH···O] contacts with [C···benzene-ring–centroid]-distances
between 3.5 Å and 3.6 Å and [C···O] distances in the range of 3.4–4.0 Å, respectively.
They are characteristic of typical, weakly stabilizing [methyl···p] and [CH···O] hydrogenbonding interactions. It is our hypothesis that in the herein reported solvent free solids,
these two types of supramolecular interactions efficiently work together to invert the
solution-phase thermodynamic preferences of the isomerization reactions.
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Figure 18. Solid-state supramolecular structures of a) syn-3 and b) 4a obtained by singlecrystal X-ray crystallography. No solvent was incorporated in either structure, even though
both crystals were grown by slow vapor diffusion of hexanes into CH2Cl2 solutions. This
fact further highlights the elevated stability of these crystals, which is responsible for the
observed, selective solid-state amplification of syn-3 and 4a. The insets show the tiling of
the molecules into column-like aggregates. Carbon atoms are blue and gray, while oxygen
atoms are red. Stabilizing [methyl···p] as well as [CH···O] hydrogen-bonding interactions
have been highlighted with dashed lines. Corresponding [C···benzene-ring–centroid] as
well as [C···O] distances are in b.
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These supramolecular interactions mainly contribute to a higher enthalpic
stabilization in solid-state compounds syn-3 and 4a. This could be seen by considering
residual entropy values of syn-3 and anti-3 as an example. Mathematically it can be
expressed in the following way: for 1 mole of the crystalline sample, residual entropies
(𝑆𝑜 ) can be compared using Boltzmann’s equation, where W is the number of possible
orientations corresponding to degenerate energies (i.e. microstates), n is a number of moles,
NA is the Avogadro’s number, and R is the gas constant.
𝑆𝑜 = 𝑘𝑏 𝑙𝑛𝑊 𝑛𝑁𝐴
𝑆𝑜 (𝑠𝑦𝑛) = 𝑛𝑅𝑙𝑛2 = 1 𝑚𝑜𝑙 (8.314 𝐽𝐾 −1 𝑚𝑜𝑙 −1 )𝑙𝑛2 = 5.76 𝐽𝐾 −1
𝑆𝑜 (𝑎𝑛𝑡𝑖) = 𝑛𝑅𝑙𝑛6 = 1 𝑚𝑜𝑙 (8.314 𝐽𝐾 −1 𝑚𝑜𝑙 −1 )𝑙𝑛6 = 14.9 𝐽𝐾 −1
From this simple calculation and stereochemical differences, it becomes clear that
anti-3 is favored entropically due to the bigger residual entropy in crystalline state.
However, the cumulative effect of supramolecular interactions in the solid-state as seen in
efficient crystal-packing override this entropy cost. Supramolecular interactions between
the different stereoisomers of 3 and 4 only play a minor role in solution, especially at the
elevated temperatures (160 °C) employed for the isomerization reactions. In solution, the
thermodynamic reaction preferences seem to be dominated by statistics and intramolecular
steric clashes between methoxyl groups. In contrast, the number and/or strength of these
noncovalent contacts is maximized in the solid-state structures of the atropostereoisomers
syn-3 and 4a, which are selectively enriched in the solid-state.
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In summary, this work showed that even relatively weak supramolecular
interactions in the solid state can have a significant impact on the relative thermodynamic
stabilities of different atropoisomers. While previous work had already shown that the
major component of atropoisomeric enantiomer/diastereoisomer pairs can be amplified due
to crystal packing interactions, these results reach beyond the previous findings in the
following key aspects: i) minor reaction components in solution turn into the predominant
ones in the solid state; ii) extension of this solid-state enrichment to atropoisomers with
multiple rotationally hindered s bonds, which allows crystal-packing forces to selectively
stabilize one specific stereoisomer out of seven. Since different atropoisomers simply
represent “frozen-out” molecular conformations, these results could have general
implications for the relative thermodynamic stabilities of molecular conformations in the
solid-state. Studies investigating such effects for synthetic and biological macromolecules
are currently in progress.
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CHAPTER 4: GENERAL METHODS AND MATERIALS

4.1 Crystal-Packing-Driven Enrichment of Atropoisomers
All commercially available starting materials were purchased from Sigma Aldrich, Fisher
Scientific, Acros Organics, or Oakwood Chemical unless otherwise noted. 2,4Dimethoxyphenylboronic acid (6) was purchased from Synthonix. Removal of solvents
was accomplished on a Büchi R-210 rotary evaporator and further concentration was done
under a Fisher Scientific Maxima C-Plus vacuum line. Column chromatography was
preformed manually with Sorbent grade 60 silica with a mesh size between 230–400 using
a forced flow of indicated solvents, or automatically with a Teledyne CombiFlash Rf+
chromatography system. Analytical thin layer chromatography (TLC) plates were
purchased from Fisher Scientific (EMD Millipore TLC Silica Gel 60 F254). All 1H-NMR
and
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C-NMR spectra were recorded at 298 K on a Bruker ARX 500 (500 MHz)

spectrometer. The spectra were referenced to the residual solvent peak (chloroform-d: 7.26
ppm for 1H NMR and 77.16 ppm for 13C-NMR). Chemical shift values were recorded in
parts per million (ppm). Data are reported as follows: chemical shift, multiplicity (s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad peak), coupling
constants (Hz), and number of protons. High resolution mass spectrometry data were
obtained on Waters XEVO G2- XS QTof in positive ESI mode. Powder X-ray diffraction
(XRD) was performed on a Rigaku MiniFlex II diffractometer using Cu radiation with the
current and voltage of 30 kV and 15 mA, respectively. The diffractometer was equipped
with a water-cooled Scintillator detector that was used at a continuous rate of 2° (2θ) per
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minute. Uncorrected melting point measurements were carried out on Barnstead
Thermolyne (Model No: 100).
Experimental Procedures of Synthesis
Synthesis of syn- and anti-3. 2,4-Dimethoxyphenylboronic acid (6, 3.50 g, 19.2 mmol),
2,4,6- triiodomesitylene (1.97 g, 3.95 mmol) and Ba(OH)2・8H2O (10.78 g, 34.2 mmol)
were suspended in a mixture of diglyme (72 ml) and deionized water (15.4 ml). After
purging with N2 for 10 mins, tetrakis(triphenylphosphine)palladium(0) (0.385 g, 0.33
mmol) was added to the reaction flask. Then — after further purging with N2 for 5 mins
— the reaction mixture was warmed to 90 °C and stirred at that temperature for 48 hrs.
Afterwards, the reaction mixture was cooled to room temperature and filtered. The filtrate
was extracted with CH2Cl2, washed with brine four times and concentrated under reduced
pressure. The crude product was purified by flash column chromatography over silica gel
(eluent: 0 to 30% EtOAc in CH2Cl2) to afford 1.78 g of a mixture of syn- and anti-3 as a
colorless solid in 85% combined yield. Analytically pure syn-3 and anti-3 were obtained
by separating a mixture of the two compounds with preparative TLC over silica gel (eluent:
CH2Cl2).
Characterization data for syn-3. 1H-NMR (500 MHz, CDCl3) δ 7.04 – 6.98 (m, 3H),
6.57 – 6.54 (m, 6H), 3.84 (s, 9H), 3.70 (s, 9H), 1.71 (s, 9H). 13C-NMR (125 MHz, CDCl3)
δ 159.85, 158.07, 135.49, 135.05, 131.73, 124.05, 104.65, 99.48, 55.84, 55.42, 18.87.
HRMS (ESI) calcd. for C33H37O6: m/z = 529.2590 [M + H]+ ; found: 529.2595. Mp 230–
235 °C.
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Characterization data for anti-3. 1 H-NMR (500 MHz, CDCl3) δ 7.15 – 7.12 (m, 1H),
7.07 – 7.04 (m, 2H), 6.56 – 6.53 (m, 6H), 3.85 (s, 9H), 3.74 (s, 9H), 1.70 (s, 6H), 1.69 (s,
3H). 13C-NMR (125 MHz, CDCl3) δ 159.82, 159.80, 157.94, 157.89, 135.25, 135.20,
135.16, 134.99, 131.93, 131.79, 123.89, 123.81, 104.33, 104.18, 98.90, 98.70, 55.61,
55.54, 55.40, 18.80, 18.70. HRMS (ESI) calcd. for C33H37O6: m/z = 529.2590 [M + H] + ;
found: 529.2588. Mp 182–188 °C.
Synthesis of 4a. 2,4-Dimethoxyphenylboronic acid (6, 600 mg, 3.30 mmol), 2,3,5,6tetraiodo-pxylene (7, 300 mg, 0.49 mmol) and Ba(OH)2・8H2O (1.83 g, 5.79 mmol) were
suspended in a mixture of diglyme (13.2 ml) and deionized water (2.5 ml). After purging
with N2, tetrakis(triphenylphosphine)palladium(0) (60 mg, 0.051 mmol) was added to the
reaction flask. Then the reaction mixture was heated to 92 °C and stirred at that temperature
for 48 hrs. Afterwards, the reaction mixture was cooled to room temperature, extracted
with CH2Cl2, washed with brine four times, and concentrated under reduced pressure. The
crude product was purified by flash column chromatography over silica gel (eluent: 10%
EtOAc in CH2Cl2) to afford 243 mg of a mixture of the atropodiastereoisomers 4a–e as a
light-yellow solid in 75% combined yield. As described in detail below and in the main
text, simply heating this mixture of atropodiastereoisomers under an argon atmosphere in
the solid state to 160 °C for ca. 45 days then afforded 4a in over 90% purity. Analytically
pure 4a was obtained from this almost pure sample of 4a with preparative TLC over silica
gel (eluent: 10% EtOAc in CH2Cl2).

49

Characterization data for 4a. 1H-NMR (500 MHz, CDCl3) δ 6.84 (d, J = 9.0 Hz, 4H),
6.31 (d, J = 2.3 Hz, 4H), 6.23 (dd, J = 9.0, 2.3 Hz, 4H), 3.73 (s, 12H), 3.72 (s, 12H), 1.68
(s, 6H). 13C-NMR (125 MHz, CDCl3) δ 159.17, 157.62, 136.71, 133.44, 130.88, 124.35,
103.47, 97.73, 55.19, 55.11, 18.01. HRMS (ESI) calcd. for C40H43O8: m/z = 651.2958 [M
+ H] + ; found: 651.2962.
General Procedure for the Equilibration of Atropoisomers in Solution.
In a pressure vessel with a Teflon screw cap, 10 mg of solid starting material was dissolved
in diglyme (1.0 ml) and the resulting solution was purged with argon for 2–3 mins. Next,
the sealed reaction vessel was heated to 160 ºC with vigorous stirring until no further
changes in the atropoisomer distribution were noted by 1H-NMR. The progress of
isomerization was monitored at different time intervals using the following procedure: The
reaction mixture was cooled to room temperature, an aliquot was taken out, diglyme was
evaporated, and all of the resulting solid was dissolved in CDCl3 for 1H-NMR analysis
General Procedure for the Solid-State Amplification of Atropoisomers.
In a reaction vial with a Teflon screw cap, 7–10 mg of a solid mixture containing different
atropoisomers was purged with argon for 2–3 minutes. Then the flask was sealed and
heated to 160 ºC. At different time intervals, the reaction flask was cooled to room
temperature, the solid was dissolved in CDCl3 and the corresponding 1H NMR spectra were
recorded.
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Figure 19. Time evolution of the 1H-NMR spectrum for a mixture of 4a–e at 160 °C in the
solid state.
Powder X-Ray Diffraction Analysis
To verify that polycrystalline samples of syn-3 and 4a had the same solid-state
supramolecular structures as the corresponding single-crystals grown from CH2Cl2/hexane
solutions, we recorded the powder X-ray diffraction (PXRD) spectra of heated,
polycrystalline samples of syn-3 and 4a. For the PXRD analysis, pure samples of syn-3 and
4a were heated to 160 ºC for 48 hrs in the solid state prior to recording the spectra. The
resulting PXRD spectra were then compared to predicted PXRD patterns, calculated from
the single-crystal structure data with the Mercury software package.
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Crystal data for syn-3: C33H36O6, colorless rod, Mr= 528.62,crystal size 0.404 X 0.114 X
0.098 mm3,orthorhombic,spacegroup Pna21, a = 24.4024(7), b = 9.1476(3), c = 25.1108(7)
c,V = 5605.3(3) c3, Z = 8, ρ calcd = 1.253 mgmm-3, T = 100(2) K, R1[F2> 2sigma(F2)] =
0.0801, wR2 = 0.1974. Out of 77 378 reflections,atotal of 8059 were unique.[17]
Crystal data for 4a: C40H42O8,colorless block, Mr= 650.73,crystal size 0.277 X 0.239 X
0.189 mm3,monoclinic,space group P21/c, a = 8.2972(7), b = 15.0457(12), c = 13.5966(11)
c, b =99.113(3)88, V = 1675.9(2) c3, Z = 2, ρ calcd= 1.290 mg mm-3, T =100(2) K, R1[F2>
2s(F2)] = 0.0347, wR2 = 0.0858. Out of 34045 reflections, a total of 3065 were unique.
The single crystals used to solve the solid-state structures of syn-3 and 4a were grown
under conditions which differed substantially from the solid-state heating experiments at
160 ºC. Therefore, it was further verified with powder X-ray diffraction experiments that
the solid-state structures obtained under the different conditions are indeed identical.
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Figure 20. Powder X-ray diffraction data for syn-3.
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Figure 21. Powder X-ray diffraction data of 4a
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4.2 Molecular Cage Synthesis, Kinetic and Binding Studies, and Mass Spectrometry
Scheme 4. Synthesis of Syn-4.

Syn-3 (1.42 g, 2.69 mmol) was dissolved in DMF (37 mL) followed by a dropwise addition
of POCl3 (6 mL) at 0 °C. The reaction mixture was warmed to room temperature and left
stirring. After 2 days, the reaction was quenched by adding 10 mL of 1 M aqueous NaOH
solution. The precipitated solid was filtered and washed with deionized water. The product
Syn-4 (1.63 g) was isolated as a white solid in 98.8% yield, calculated based on syn-3.
Characterization data for Syn-4
1

H-NMR (500 MHz, CDCl3): δ 10.30 (s, 3H, CHO), 7.54 (s, 3H, ArCH), 6.52 (s, 3H,

ArCH), 3.99(s, 9H, OCH3), 3.86(s, 9H, OCH3), 1.65(s, 9H, CH3).13C-NMR (126 MHz,
CDCl3): δ 188.33 (CHO), 163.25 (ArC), 162.9 (ArC), 135.12 (ArC), 134.56 (ArC), 132.75
(ArC), 123.69 (ArC), 118.74 (ArC), 94.82 (ArC), 55.94 (OCH3), 55.86 (OCH3), 18.84
(CH3).
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HRMS (ESI) calcd. for C36H37O9: m/z = 613.2438 [M + H]+; found: 613.2441.
Scheme 5. Synthesis of Syn-5.

Syn-4 (1.63 g, 2.66 mmol) was dissolved in 50 mL of anhydrous DCM. Then, 1.0 M BCl3
solution in DCM (28 mL) purged with Ar gas was added dropwise to the reaction mixture.
After stirring at room temperature for 2 days, 15 mL of H2O was added to quench the
reaction. The resulting mixture was extracted with DCM, washed with brine twice and
concentrated under reduced pressure. The crude product was purified by flash column
chromatography over silica gel (eluent: 0 to 30% EtOAc in CH2Cl2) to afford syn-5 (1.36
g) as a white solid in 89.5% yield, calculated based on syn-4.
Characterization data for Syn-5
1

H-NMR (500 MHz, CDCl3): δ 11.51 (s, 3H, OH), 9.71 (s, 3H, CHO), 7.21 (s, 3H, ArCH),

6.55 (s, 3H, ArCH), 3.85 (s, 9H, OCH3), 1.71 (s, 9H, CH3).13C-NMR (126 MHz, CDCl3):
δ 194.50 (CHO), 164.40 (COH), 163.97 (ArC), 135.98 (ArC), 135.57 (ArC), 134.36 (ArC),
123.52 (ArC), 115.02 (ArC), 99.40 (ArC), 56.14 (OCH3), 18.83 (CH3).
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HRMS (ESI) calcd. for C33H31O9: m/z = 571.1968 [M + H]+; found: 571.1970.
Scheme 6. Synthesis of L-2[51]

Commercially available pyrimidine-4,6-dicarboxylic acid (L-1) (0.25 g, 1.49 mmol) was
dissolved in MeOH (15 mL). Conc. H2SO4 (1.5 mL) was added dropwise and the mixture
was refluxed for 48 hours, cooled to room temperature. The resultant mixture was then
neutralized with sat. NaHCO3 and extracted with DCM (3 × 30 mL). The combined organic
extracts were washed with H2O (50 mL) and brine (50mL), dried over Na2SO4, filtered and
concentrated. The product (L-2) was obtained as a white solid in 95.8% yield, calculated
based on L-1.
Characterization data for L-2
1

H NMR (500 MHz, CDCl3): δ = 9.55 (d, 1H, J = 1.3 Hz, ArCH), 8.67 (d, 1H, J = 1.3 Hz,

ArCH), δ 4.07 (s, 6H, 2 × CH3) ppm; 13C NMR (126 MHz, CDCl3): δ = 163.87 (COO),
159.70 (ArCH), 157.15 (ArC), 120.73 (ArCH), 53.87 (CH3) ppm.
The NMR data agrees with previously reported characterization[51].
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Scheme 7. Synthesis of L-3

L-2 (0.27 g, 1.38 mmol) was dissolved in in a mixture of methanol and THF (20 mL:3.3
mL) and purged with Ar gas. Hydrazine monohydrate (10 mL) was added dropwise to the
solution, which turned from colorless to bright yellow color. The mixture was refluxed for
48 hours, cooled to room temperature. Formed yellow precipitate was collected, washed
with water, and dried over Na2SO4.The product L-3 (0.2 g) was isolated as a yellow solid
in 74.6% yield, calculated based on L-2.
Characterization data for L-3
1

H-NMR (500 MHz, DMSO): δ 10.39 (s, 2H, -NH), 9.34 (d, 1H, J = 1.3 Hz, ArCH), 8.35(d,

1H, J = 1.3 Hz, ArCH), 4.75(s, 4H, -NH2). 13C-NMR (126 MHz, DMSO): δ 160.28 (ArCH),
158.63 (ArC), 157.38 (ArC), 114.90 (CON).
Scheme 8. Synthesis of Dim-1
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L-3 (0.0158 g, 80.6 μmol) and Syn-5 (0.0307 g, 53.84 μmol) were dissolved in DMSO (20
mL) in 3:2 molar ratio respectively. After applying sonication to fully dissolve L-3, TFA
(4 μl) was added to the mixture. The resulting solution was left stirring at room temperature
for 2 days. Then, the mixture was brought to neutral pH by adding NaHCO3 (0.5 mL); pH
state was checked with pH test strips. Then, extraction with DCM was done (3 × 8 mL)
followed by multiple washes with water and Brine (5 × 30 mL). Organic layer was dried
over Na2SO4 and evaporated under N2. The product Dim-1 (0.045 g) was isolated as a
yellow solid in 95% yield, calculated based on Syn-5. The product obtained through this
work-up procedure contained minor amounts of starting material impurities. Alternative
work-up procedure was thus developed. Leaving a product mixture containing water and
DMSO for a day in the flask or separatory funnel at neutral or slightly acidic pH promotes
precipitation and room temperature promotes precipitation of the pure poduct, which can
be filtered and dried under vacuum.
It is important to note that the solubility of the cage product (Dim-1) is highly pH sensitive.
Under basic conditions, the cage is water-soluble and cannot be extracted with organic
solvents such as DCM. The color changes were also observed upon changing pH
environment of the product: basic conditions result in an intense red color of the cage
solution whereas neutral and acidic conditions are reflected in orange and yellow colors
respectively.
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Characterization data for Dim-1
1

H-NMR (500 MHz, DMSO-d6, 298 K) δ 12.41 (s, 6H, OH), 10.35 (s, 6H, N-NH), 9.48

(d, J = 1.2 Hz, 3H, pyrimidine H), 8.91 (s, 6H, CH=N), 8.71 (d, J = 1.3 Hz, 3H, pyrimidine
H), 7.59 (s, 6H, PhH), 6.62 (s, 6H, PhH), 3.78 (s, 18H, OMe), 1.62 (s, 18H, CH3).
1

H-NMR (500 MHz, CDCl3, 298 K) δ 10.59 (s, 6H, OH), 10.47 (s, 6H, N-NH), 10.07 (s,

6H, CH=N), 9.28 (d, J = 1.2 Hz, 3H, pyrimidine H), 8.92 (d, J = 1.3 Hz, 3H, pyrimidine
H), 6.94 (s, 6H, PhH), 6.61 (s, 6H, PhH), 3.85 (s, 18H, OMe), 1.72 (s, 18H, CH3).
1

H-NMR (500 MHz, D2O, 298 K) δ 8.94 (d,J = 1.2 Hz, 3H, pyrimidine H) 8.60 (s, 6H,

CH=N), 8.27(d,J = 1.3 Hz, 3H, pyrimidine H), 7.38 (s, 6H, PhH), 6.25 (s, 6H, PhH), 3.61
(s, 18H, OMe), 1.63 (s, 18H, CH3). NB: OH and N-NH hydrogens peaks are not present
due to hydrogen bonding with water
C-NMR (126 MHz, DMSO-d6, 298 K) δ 159.76, 159.16, 158.99, 158.01, 147.38, 135.99,
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134.26, 129.75, 122.63, 117.30, 113.91, 99.41, 55.77, 55.34, 19.16.
MS (ESI) calcd. for C84H72N18O18: m/z = 1620.53 [M + H] +; found: 1620.6
Kinetic Studies
To examine the progression of the self-assembly of Dim-1 and the presence of any possible
by-products, kinetic studies were conducted. Starting material, L-3 (0.0023 g, 11.73 μmol)
and Syn-5 (0.0046 g, 8.07 μmol), along with 1,2,4,5-Tetrabromobenzene (0.0007 g, 1.78
μmol) that served as an internal standard, were dissolved in DMSO-d6 (0.95 mL)
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containing 1 % TMS (v/v). 1H-NMR spectrum of initial mixture before addition of TFA
catalyst (3 mL) was taken. Six more 1H-NMR spectra were recorded over the period of 8
days. The reaction was quenched with NaOD (D, 99.5%; 40% in D2O).
Binding Studies
All 1H-NMR titrations were carried out with a Bruker ARX 500 (500 MHz) spectrometer
at 298 K using D2O as the solvent with constant concentration of NaOD added (D, 99.5%;
40% in D2O) to samples. Deuterated solvents were purchased from Cambridge Isotope
Laboratory and used without further purification. Dimethyl sulfone (ppm 3.0), which was
applied as an internal standard in the 1H-NMR binding studies, was purchased from Sigma
Aldrich, and used as received. All volumetric measurements were performed with Rainin
Positive Displacement (MR-10, -100, -1000) micropipettes.
Measurements of the Association Constants
To determine the association constant for the cage Dim-1 and crocin complex,
3.48×10-3 mmol of the crocin were dissolved in 300 µL of D2O: NaOD (0.56% v/v) mixture
containing dimethyl sulfone standard. The solution was titrated into 540 µL of the same
solvent mixture containing cage compound, Dim-1, present in 0.68 ×10-3 mmol. Seven
1

H-NMR spectra were recorded beginning from 0 equivalence to 5 equivalences of crocin

titrated into the NMR tube. For the fitting of the association constant, the concentrations
of crocin were listed, together with the corresponding 1H-NMR chemical shifts of
representative protons. Next, those listings were entered into DynaFit, which was used to
obtain association constants and corresponding standard errors by fitting to several
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representative 1H-NMR resonances at the same time. A 2:1 (crocin: Dim-1) binding
stoichiometry provided the best possible fit. When running DynaFit, the “titration”
keyword was used, which makes it possible to consider the dilution effects of titration
experiments in an accurate fashion. Plot (Figure 14) of the observed changes in chemical
shifts vs. increasing guest concentration are shown below, together with the non-linear
least-squares fits provided by DynaFit.
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Electrospray ionization (ESI) Mass Spectrometry

Figure 22. Electrospray ionization mass spectrometry (ESI-MS) of Dim-1: the
protonated molecular ion (MH+) of a compound of MW 1621 Da at m/z 1621.6, and
doubly charged molecular ion (MH22+) at m/z 811.4. Both molecular ion peaks
correspond to MW of Dim-1.
4.3 1H and 13C-NMR Spectra
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Figure 23. 1H-NMR spectrum (500 MHz, CDCl3, 298 K) of syn-3.
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Figure 24. 13C-NMR spectrum (125 MHz, CDCl3, 298 K) of syn-3.
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Figure 25. 1H-NMR spectrum (500 MHz, CDCl3, 298 K) of anti-3.
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Figure 26. 13C-NMR spectrum (125 MHz, CDCl3, 298 K) of anti-3.
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Figure 27. 1H-NMR spectrum (500 MHz, CDCl3, 298 K) of 4a.
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Figure 28. 13C-NMR spectrum (125 MHz, CDCl3, 298 K) of 4a.
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Figure 29. 1H-NMR spectrum (500 MHz, CDCl3, 298 K) of a mixture of 4a–e.
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Figure 30. 13C-NMR spectrum (125 MHz, CDCl3, 298 K) of a mixture of 4a–e.
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Figure 31. 1H-NMR (500 MHz, CDCl3, 298 K) of L-2.
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Figure 32. 13C-NMR (126 MHz, CDCl3, 298 K) of L-2.
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Figure 33. 1H-NMR (500 MHz, DMSO, 298 K) of L-3. Unassigned peaks correspond to
residual solvents: water, THF, and methanol.
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Figure 34. 13C-NMR (126 MHz, DMSO, 298 K) of L-3. Unassigned peaks correspond to
residual solvents: water, THF, and methanol.
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Figure 35. 1H-NMR (500 MHz, CDCl3, 298 K) of syn-4.
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Figure 36.13C-NMR (126 MHz, CDCl3, 298 K) of syn-4.
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Figure 37. 1H-NMR (500 MHz, CDCl3, 298 K) of syn-5.
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Figure 38. 13C-NMR (126 MHz, CDCl3, 298 K) of syn-5
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Figure 39. 1H NMR (500 MHz, DMSO-d6, 298 K) of Dim-1. Unassigned peaks correspond
to residual solvents: water and DCM.
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Figure 40. 1H NMR (500 MHz, CDCl3, 298 K) of Dim-1. Unassigned peaks correspond
to residual solvents: water and DMSO.
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Figure 41. 1H NMR (500 MHz, D2O, 298 K) of Dim-1. OH and N-NH hydrogens peaks
are not present due to hydrogen bonding with water. Unassigned peaks correspond to
residual solvent: DMSO.
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Figure 42. 13C NMR (126 MHz, DMSO-d6, 298 K) of Dim-1.
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